Effects of amount of feed intake on in vivo rumen propionate production and the reproducibility of measurements of propionate production rates were investigated in five dairy steers weighing 142 to 228 kg. Each steer received 275 g of an 80%-grain diet every 2 hours, and three of the five steers later received 500 g/2 hours. Rumen propionate pool sizes and production rates were determined at both intakes by administering a single dose of [1-14C]propionate via rumen fistula and observing decreasing specific activity of rumen propionate for 4 hours. A linear regression equation was calculated from the natural logs of decreasing specific activity. Pro pionate pool sizes averaged 30.6 and 47.4 g, and production rates averaged 579 and 1032 g/day at feed intakes of 275 and 500 g/2 hours. Thus, propionate production changed in almost direct proportion to feed intake. Acetate to propionate ratios were about 3:1 in rumen fluid. Considerable variability in estimates of propionate pool sizes and production rates was found both within and among steers. The results indicate propionate pro duction is nearly equivalent to blood glucose turnover determined pre viously; all propionate produced in the rumen, however, is not used for glucose synthesis.
acids. Several investigators, largely using sheep, have studied contributions of propionate (8) (9) (10) (11) and of various amino acids (12) (13) (14) (15) to ruminant gluconeogenesis. It has been estimated that 40% to 70% of the glucose need is derived from these two combined carbon sources (2) . Consider able confusion still exists regarding the relative importance of propionate and amino acids to ruminant gluconeogenesis, especially in cattle, where little work has been done. The present study is part of a project initiated to provide a complete description of ruminant glucose sources. Specific ob jectives for this study were: (a) to study the eifects of feeding two different amounts of a high-grain diet upon production of propionate in the bovine rumen; (b) to investigate the reproducibility of measure ments of propionate pool size and produc tion rate; and (c) to obtain propionate production rates relating to gluconeogene sis in cattle on a highly controlled feeding regime fed one specific diet. Glucose kinetics and glucose absorption already have been studied in steers under similar conditions (7, 16) .
MATERIALS AND METHODS
Experimental animals and diet. Pro pionate production rate experiments were conducted on five steers (one Ayrshire, two Jerseys, and two Holsteins) from the Iowa State University Dairy Farm and housed individually in concrete-floored pens without bedding. The diet consisted of 64% steam-flaked corn, 16% protein supplement, and 20% dehydrated-alfalfa pellets, as described previously (16) . Diet was fed by an automatic "dribble feeder"5 at either approximately 275 g per 2 hours ( low intake ), which was estimated to repre sent slightly above maintenance require ment, or at approximately 500 g per 2 hours (high intake), which represented nearly ad libitum intake. The diet was fed at 2-hour intervals over the entire day to pro mote steady state conditions in the rumen. Previous results (16) indicated glucose metabolism is at steady state under these conditions. Dietary intake was maintained constant for at least 10 days before any ex periment. Water and a trace mineralized salt block Â°were available at all times.
The steers weighed between 142 and 228 kg at the time of the experiments. For three steers, experiments were conducted at both low and high feed intakes; for the other two, experiments were conducted only at the low intake. For individual ani mals, experiments at the low intake were completed before experiments at the high intake.
Each steer was prepared for experimen tation by surgically establishing a rumen fistula. Surgery was completed at least 4 weeks before the first experiment on each steer.
Experimental procedures. For each pro pionate production experiment, approxi mately 250 /Â¿Ci of Na-[1-"C] propionate 7 (ethanol-water solution) was used. Ship ments of isotope were diluted with 15% ethanol containing 0.1% formaldehyde to prevent microbial destruction of radioactive propionate, then 250 /xCi aliquots in 10 ml were stored at â€"17Â°.
On the day of an experiment, radioactive propionate was administered intraruminally as a single injection, and rumen contents were vigorously mixed by hand, taking pre cautions that all rumen contents were well mixed. Animals were fed specifically weighed amounts at the regular 2-hour intervals during each experiment, and iso tope was administered 10 minutes after a regular feeding.
Rumen fluid samples were collected from all areas of the reticulommen by a vacuum sampler at 15, 30, 45, 60, 80, 100, 120, 140, 160, 180, 210, and 240 minutes after isotope administration, for a total of 12 samples during each 4-hour experiment. At each sampling, 1 ml of a saturated mecuric chloride solution was added to 50 ml of rumen fluid and unused rumen fluid was returned to the rumen. The sample was then strained through two layers of cheesecloth and centrifuged at 20,000 x g for 10 minutes; the supernatant was stored at â€"17Â°.
Determination of propionate specific ac tivity. Propionate was isolated from rumen fluid by the partition chromatography pro- cedure of Ramsey (17). Samples were thawed; then a 1.5 ml aliquot was made basic to about pH 12 with 2 N KOH, taken to near dryness under forced air, and then acidified to pH 2 or lower with 5 N H2SO4. This then was triturated to a free-flowing powder with l g silicic acid and added to a column. After elution, propionic acid was titrated with approximately 0.01 N ethanolic KOH with 0.1% thymolphthalein in ethanol as an indicator. After titration, each sample was made strongly basic with concentrated ethanolic KOH, dried under air, and counted for 10 minutes in Bray's counting solution (18) by liquid scintillation.8 Spe cific radioactivity was expressed as disinte grations per minute per /Â¿moleof rumen propionate and plotted on semilog paper versus sampling time.
Calculations. Evidence indicates that propionic acid in the rumen behaves as a single pool with propionate simply pro duced and removed from the rumen. This conclusion was strengthened when our at tempts to apply two-pool or two-component decay analyses described by Foss ( 19 ) and Atkinson (20) gave no evidence for more than one pool or component. Therefore, radioactive propionate disappearance data were analyzed by linear regression. The equation was SRt = Ae~mt, where SRt is specific radioactivity at any time t, A is the zero-time intercept, and m is the rate con stant. By using the single injection analysis of White et al. ( 21 ) simplified for one com ponent, propionate pool size was deter mined by dividing the injected dose by the zero-time intercept. Propionate production rate, determined by multiplying pool size by the slope of the decreasing specific ac tivity line, is synonomous with total entry rate, irreversible loss, and disappearance rate in a single-pool system.
Volatile fatty acid (VFA) molar ratios were determined by gas chromatography.
Statistical analyses. Differences between means for propionate pool size and pro pionate production rate at the two levels of feed intake were evaluated by either Student's "t" test or analysis of variance. Animal differences were tested by analysis of variance. For the analysis of variance, animals F, G, and H were treated as blocks with two treatments per block and three replications per treatment. Differences in VFA molar ratios between the two treat ment levels also were tested by Student's "f test.
RESULTS
Most steers responded favorably to the experimental diet. When intake was 275 g/2 hours, growth was slight but generally positive, indicating that the steers were consuming slightly more than their main tenance requirement. When feed intake was increased to 500 g/2 hours, animal weight increased rapidly. Therefore, several steers had weights at the time of experiments in excess of the desired weight limits estab lished at the beginning of the project ( 16) .
Foamy bloat created a problem when steers were fed 500 g/2 hours because they would not consistently maintain feed in take. Consistent feed intake for 10 days to 2 weeks was a prerequisite for all experi-ments. Bloat was not a major problem at the low intake.
A set of decreasing propionate specific activity data for one experiment, plotted on a semilog basis, is in figure 1. As mentioned in Materials and Methods, there was no evidence for more than one component. In 10 of the 23 experiments, one or two pro pionate specific activity values, which devi ated more than 20% from the calculated regression, were excluded from the regres sion analysis.
Pool size. Individual propionate pool sizes for the two feeding levels are shown for each steer in table 1. Pool size was sig nificantly lower at low intake than at high intake with mean pool sizes of 30.6 and 47.4 g, respectively, for the two levels of intake. Analysis of variance for steers F, G, and H also showed a significant treat ment effect (P < 0.001). There were also significant differences ( P < 0.01 ) in indi vidual steer responses to treatment, but there was no interaction between steers and treatment, indicating that animal dif ferences were independent of treatment differences.
Production rate. Propionate production rates, expressed in g/day for the two feed ing levels and for each steer, are shown in table 2. As with propionate pool size, aver age production rate was significantly lower at low than at high intake (579 g/day and 1032 g/day, respectively).
Analysis of variance for steers F, G, and H again showed significant treatment effects (P < 0.001) and animal differences (P<0.01). There was no significant interaction be tween animals and treatment. 'Each value is the averageÂ±standard deviation from three individual experiments for each steer as shown in tables 1 and 2. The one exception is steer H where only two experiments were done at the 500 g feeding.
The increase in propionate production rate paralleled the increase in feed intake, yielding almost identical conversions of feed to propionate at both intakes. Average propionate production rates divided by daily feed intakes were 175 and 172 g/kg for the low and high intakes. Thus, it seems that propionate production is proportional to feed intake, at least within the limits in this study.
VF A molar ratios. The VFA molar ratios averaged for each steer for the two feeding levels are summarized in table 3. No sig nificant differences were found in molar percentages of the VFA between the two levels of diet tested. There was little varia tion either within or among steers in VFA ratios. Acetate to propionate ratios at both intakes were almost 3:1.
DISCUSSION
Effects of amount of feed. Increasing feed intake 82% increased rumen propionate pool size 557o and propionate production rate 78%, but did not significantly change rumen VFA molar ratios. The production rate increase was almost directly propor tional to the increase in feed intake, sug gesting that the amount of propionate pro duced from a given diet is a direct func tion of digestible energy intake. That the pool size increase was not as great as the production rate increase indicates that transit time for rumen propionate molecules must have decreased at the high intake.
Studies on similar cattle. A major empha sis of this research was to obtain additional information relating to the composite glu cose metabolism in cattle fed one specific diet in a highly controlled situation (7, 16 ) . In an earlier study ( 16 ) , our group reported that steers of the same general weight and consuming the same diet as in this research had an average irreversible loss of glucose of approximately 655 g/day when they were fed 275 g/2 hours. Of this, only about 60 g/day could be from absorbed glucose (7) . Thus, roughly 600 g of glucose/day, or 3.3 moles/day, must be produced via gluconeogenesis from various precursors. Because two moles of propionate are re quired to produce one mole of glucose, the 579 g (7.8 moles) average propionate pro duction in this study could account for a maximum of 3.9 moles of glucose daily. Thus, more than enough propionate is pro duced to meet glucose requirements under our conditions. It has been shown also in nonpregnant, nonlactating sheep that, if all the propionate produced in the rumen were converted to glucose, it could adequately provide all the glucose requirement (3, 9, 22) .
Not all of the propionate produced in the rumen, however, seems to be utilized for gluconeogenesis. Some of the propionate in the rumen is lost or metabolized in the rumen epithelium, but this loss is not likely to exceed 3% of that produced (23, 24) . Consequently, nearly all the propionate would be available for metabolism by the liver. Studies from several laboratories, how ever, indicate that between 40% and 60% of the glucose comes from propionate (9, 11) . Preliminary data in our laboratory9 indi cate that about 60% of the absorbed pro pionate is converted to glucose. Thus, ab sorbed propionate would form only about 2.3 mole/day of glucose under our condi tions of feeding 275 g of a high-grain diet every 2 hours.
Reproducibility of measurements. Be cause we have a long-range objective to quantitate all aspects of ruminant gluconeogenesis and glucose metabolism under standardized conditions, it is crucial that we know repeatability and relative accu racy of various phases and that we con tinually look for ways to increase reliability. The analysis of variance for animals F, G, and H revealed significant animal differ ences for both propionate pool sizes and production rates. These differences were present despite the fact that the steers were about the same size and were fed alike. Individual data in tables 1 and 2 reveal considerable variation between and within animals. Some pool-size values for indi vidual animals varied twofold or more. Production rates were somewhat less vari able but were still much more variable than desired.
Major questions are what causes the variability and how can this variability be decreased. First, bloat and decreased in take, particularly at the high feed intake, could have been a factor contributing to variability. Constant feed intake was main tained for at least 10 days before an ex periment was conducted; however, there were many times when steers would de crease their intake or refuse feed before 10 days were completed and we would have to begin anew. Changing the diet could im prove repeatability. Second, the dribble feeder could be adjusted to give only an average feeding rate, and the individual feedings could vary 10% to 20% from the average. Feedings during a 4-hour experi ment were weighed accurately, but particu larly high or low feedings 2 or 4 hours be fore beginning an experiment could cause differences in rates of fermentation and kinetic values obtained. Compartmentalized feeders that deliver an exact amount at each 2-hour feeding should improve re peatability. Third, the rumen fistulas were not leakproof, and we have no measure of possible effects on rumen metabolism of fistula leakage on days or hours just pre ceding an experiment. Summarization of the rate constants (table 4) indicates they are less variable both within and between steers than pro pionate pool sizes. Our procedure was a direct isotope dilution technique based upon complete and rapid mixing which did not require measurement of rumen fluid volume. It seems that the amount of mate rial being fermented in the rumen must have been quite variable. Our attempt at constant feeding should have reduced this variability, but there was often consider able leakage from the fistula on days before Â»Thatcher, C. D., Schmidt, S. P., and Young, J. W., unpublished data. experiments, especially when the rumen fluid became very frothy. It is likely that such a loss of fermentable material con tributed to the variability in measurements of propionate pool sizes and production rates.
Propionate pool size. Propionate pool size in the rumen has not been measured frequently in previous research because continuous infusion of isotope cannot be used to estimate pool size. Because meta bolic interconversions of propionate in the rumen are very limited, propionate pool size can be accurately measured by a singleinjection, isotope-dilution technique. From rumen fluid volume and propionate con centration Bauman et al. (25) calculated pool size in their cow 543 to be 0.71 and 3.04 moles when fed a control or high-grain, low-fiber diet, respectively. Corresponding values estimated by us from propionate specific activity in their figure 1 were 0.69 and 2.99 moles.
Estimates of propionate pool size derived in our research are difficult to compare with other research because pool size has been reported infrequently. Most such research in cattle has measured VFA concentrations, but not rumen fluid volume or pool size. Bauman et al. (25) reported average pool sizes of 2.42 moles (179 g) of propionate when lactating Holstein cows were fed a high-grain, low-fiber diet and 0.83 moles (61 g ) when cows were fed a control diet.
Propionate production rates. Production rates of propionic acid have been measured under a number of different circumstances in sheep (9, 10, (26) (27) (28) , but relatively few measurements of propionate production have been made in cattle (11, 25, 29) . It is difficult to compare results of our research with other research in cattle because most work has been performed on mature dairy cattle, both lactating, and nonlactating.
The single-injection, isotope-dilution technique provides a convenient method for determining rumen propionate production rates. Unlike the continuous or primed continuous infusion techniques, there is no need to wait until specific activity reaches a plateau to estimate production rates. Also, with a single injection, there is no need to worry about an infusion pump, and continuous mechanical mixing of iso tope is not necessary during the experi mental period. As with other isotope-dilu tion techniques, however, animals need to be fed at short intervals to maintain rumen metabolism as near steady state as possible.
Propionic acid exists largely as a single pool in the rumen, with absorption approxi mately equaling production. It is unlikely that, of the propionate that leaves the rumen, significant amounts ever return. Any recycling of propionate would be due to utilization of propionate by rumen mi crobes with subsequent recycling of labeled carbon back to propionate. However, be cause only small amounts of propionate are interconverted with other VFA in the rumen (26, 28, 29) , very little label would be recycled.
VFA molar ratios. Most research mea suring rumen VFA ratios has shown that high-roughage diets produce acetate to propionate ratios of approximately 3:1 (25, (27) (28) (29) , while high-concentrate diets produce ratios of about 1:1 (25, 30, 31) . Our results, however, do not fit this pat tern. That the high-grain diet in our re search produced a typical high-roughage acetate to propionate ratio of nearly 3:1 may be explained by the continuous, but limited, feeding regime used. The same diet fed ad libitum to calves (32) pro duced acetate to propionate ratios of nearly 1:1. That changes in feeding regime may drastically alter rumen microbial popula tions and rumen properties is well known. Ad libitum fed calves would eat approxi mately 10 variable size meals per day (33) , primarily between 06:00 and 18:00 hours, but we are distributing 12 meals evenly over 24 hours and are keeping intake below capacity.
